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Potassium permeable channels in primary cultures of rabbit cortical
collecting tubules. Rabbit cortical collecting tubule (RCCT) primary
cultures, were grown on permeable, collagen supports with 1.5 M
aldosterone. Single K permeable channels in principal cell apical
membranes were examined. At applied patch pipette potential (V)
from —60 to +60 mV (cell interior with respect to pipette interior),
outward currents (cell to pipette) with a unitary conductance of 8 to 10
pS were seen in cell-attached (N = 31) and excised inside-out (N = IS)
patches. At resting membrane potential (Vapp = 0 my), mean open
probability (P0 = 0.85 0.16) decreased by 50% with 0.75 mrvi luminal
BaCI2 exposure. In cell-attached patches, a second type of outward
current was seen only at extreme depolarization, V, > +80 mV (N =
9). Usually in the closed state (P0 < 0.0005) at no applied potential, P,
for this 150 p5 channel increased dramatically with depolarization
and/or raising cytoplasmic Ca2. With a calculated K equilibrium
potential of —84 mV, excised patch reversal potentials were < —50 mV
for both the above channel types, indicating high selectivity for K over
Nat. In cultures grown without aldosterone low conductance K
channels were rarely observed, while mineralocorticoid status did not
appear to affect high conductance K channel frequency. Finally, a 30
p5 cation channel was found to be nonselective for K over Na, and
insensitive to voltage, intracellular Ca2 or luminal Ba2. We conclude
that: 1) Principal cell apical membranes from aldosterone-stimulated.
RCCT primary cultures contain (a) low conductance. Ba2-inhibitable
and (b) high conductance, Ca2/voltage-dependent K channels: and c)
nonselective cation channels. 2) The low conductance K channel may
play an important physiologic role in native RCCT mineralocorticoid-
controlled K secretion, while the latter two channels' functions are
unknown, although similar channels have been suggested to play a role
in cell volume regulation.
Discretionary control of total body potassium balance takes
place in the cortical collecting tubule (CCT) [I] and appears to
be modulated by mineralocorticoid hormones [2—4]. The major-
ity cell type in mammalian CCT is the principal cell which
secretes potassium, and reabsorbs sodium and chloride [4—I I].
Unfortunately, the morphological complexity of this distal
nephron segment with at least two different cell types and many
different ion permeability pathways has made traditional trans-
epithelial electrical measurements difficult to interpret [4, 6, Il].
To obviate some of these problems which hamper a direct
examination of mechanisms responsible for potassium secre-
tion, patch clamp methods would seem ideally suited.
Primary cultures of specific renal tubular segments tend to
retain the differentiated characteristics of their native tissue
[121. In addition, cell cultures often lack the dense glycocalyx
which covers native tubular epithelium and makes establish-
ment of high resistance seals problematic [12]. Bello-Reuss and
Weber [II have described a density gradient centrifugation
method to isolate "distal" nephron tubular fragments from
rabbit renal cortex. These fragments form polarized confluent
monolayers and possess electrophysiologic properties similar to
those reported for fresly isolated rabbit CCT [4—Il]. With
partial replacement of luminal bath K for Na they observed
hyperpolarization of the transepithelial voltage, depolarization
of the basolateral membrane voltage, and a decrease in the
apical to basolateral membrane resistance ratio. All of these
changes are consistent with the presence of a K conductive
pathway in the apical membrane.
Previous single channel recordings from rabbit CCT isolated
tubules and primary cultures [13—18] have not characterized the
apical K channels corresponding to the barium-blockable,
apical K conductive pathway predicted from macroscopic ion
transport studies of isolated rabbit CCT [2, 19—221. Several
groups have documented that this Ba2-sensitive, apical K
conductance is responsible for physiologic K secretion and is
aldosterone-dependent in rabbit, but not rat CCT [3, 23, 24].
In the present study we report that, when grown under
appropriate conditions, rabbit CCT primary cultures do have
ion transport characteristics simlar to the native distal nephron.
In particular, we have demonstrated the existence of both low
and high conductance K channels, as well as a class of
nonselective cation channels. The low conductance K channel
is inhibited by luminal Ba2 and its observed frequency in
membrane patches is mineralocorticoid-dependent. These char-
acteristics make this channel a likely candidate to mediate
potassium secretion in rabbit CCT in vivo.
Methods
Preparation of rabbit cortical collecting tubule primary
cultures
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Primary cultures were prepared in a manner similar to the
method of Bello-Reuss and Weber [1]. Briefly, New Zealand
white rabbits (1 to 2 kg) were nephrectomized under sterile
conditions, kidneys decapsulated and kept on ice in a HEPES
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buffered saline solution containing (in mM): 118 NaCI, 4.7 KCI,
1.25 CaCI2, 1.25 MgSO4, 1.18 KH2PO4, 10 glucose, 20 Na
cyclamate, and 5 HEPES at pH 7.4. The cortex was separated,
rinsed five times, minced and resuspended in a solution con-
taining: 4 ml of the above HEPES-saline, 6.2 mg of type I
collagenase (Sigma Chemical Co., St. Louis, Missouri, USA),
0.25 ml of 10% bovine serum albumin, and 4 ml of "RK-1
medium." The "RK-1 medium" contained 50% Ham's F-12 (by
volume) and 50% Dulbecco's modified Eagle's medium (high
bicarbonate and glucose; Irvine Scientific, California, USA)
supplemented with 5 mg/liter transferrin, 5 mg/liter insulin, 0.05
/LM sodium selenite and 0.05 ILM hydrocortisone, pH 7.4. This
renal cortical suspension was then incubated for 60 minutes at
37°C (equilibrated with 4% CO2 in air). Ice-cold HEPES-saline
solution (10 ml) was then added. The preparation was centri-
fuged at 150 x g for 1.5 minutes and resuspended in HEPES-
saline solution three successive times. After addition to an
isotonic mixture of 50% Percoll and 50% hypertonic HEPES-
saline solution (vol/vol), the cortical material was subjected to
high speed centrifugation (15,000 to 30,000 x g) for 30 minutes.
Suspended within the Percoll gradient were four distinct sepa-
ration bands (with the top band designated Fl through the
bottom band, F4) similar to those described previously [1, 25,
26]. Microscopic examination of the lower portion of the Fl
separation band reveals mainly cortical collecting tubule frag-
ments with a few glomeruli and proximal tubule fragments
(<10% of the tubular elements) also present. This lower portion
was separated from the rest of the Fl band, centrifuged at 150
x g for 1.5 minutes, the supernatant discarded, and the pellet
resuspended three times in HEPES-saline solution. The tubular
fragments and cells were plated at confluent density on perme-
able, glutaraldehyde-fixed collagen films attached to the bot-
toms of small lucite rings [27]. This provided a sided prepara-
tion in which apical ion transport could be measured. The
preparation was incubated at 37°C in "RK-1 medium," with or
without 1.5 /.LM aldosterone (Sigma Chemical Co.), and gassed
with 4% CO2 in air. Penicillin (100 U/mI) and streptomycin (100
sgIml) was present for the first 24 to 48 hours. In four to seven
days the culture monolayer reached confluency. Preliminary
electrophysiologic measurements were also made on confluent
primary cultures grown on collagen coated Millicell-CM filter
inserts using the Millicell-ERS Epithelial Voltohmmeter (Mull-
pore Corp., Bedford, Massachusetts, USA). Transepithelial
electrical resistance was 240.0 52.5 fI cm2 and transepithe-
hal voltage was —0.85 0.16 mV (N = 30). These values are
very close to the measurements made by O'Neil and Sansom [7]
in isolated perfused rabbit CCT. When visualized with our
Hoffman Modulation Optics (see below) the most abundant
cells were polygonal in shape, while the minority cell type
(<20% of the cell population) were round and formed conglom-
erates. Luminal binding of fluorescently-labeled peanut lectin
have identified these minority cells as intercalated cells [1].
Patch voltage clamp experiments were performed on days 7 to
21.
Patch clamp recording and analysis
Patch pipettes were fabricated from TW15O glass (World
Precision Instruments, New Haven, Connecticut, USA) using a
Narishige PP-83 pipette puller (Medical Systems Corp., New
York, USA) and then fire polished as previously described [28].
Table 1. Cytoplasmic bath solutions (inside-out patches)
Solution 1 2 3 4 5
NaCI 5 50 95 10 14
KCI 140 95 50 0 0
MgCI2 1 1 1 l I
CaCL, 10-6 IO 10—6 l06 l0
EGTA 2 2 2 2 0
Na gluconate 0 0 0 124 0
Mannitol 0 0 0 0 240
pH 7.4 7.4 7.4 7.4 7.4
Concentrations are in m, except for CaCl2 which is reported as the
final free Ca2 concentration in M. NaCl and KCI are final concen-
trations after titration of pH with NaOH or KOH. Abbreviations
are: HEPES, N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic acid;
EGTA, ethyleneglycol-bis-(B-aminoethylether)-N,N ,N ',N '-tetraacetic
acid.
The apical surface of rabbit CCT primary cultures was visual-
ized with a Nikon Diaphot-TMD inverted microscope equipped
with Hoffman modulation optics (Modulation Optics Inc., New
York, USA). With this arrangement it was easy to distinguish
the polygonal shaped principal cells from the rounded interca-
lated cells [1], Patch pipettes were positioned with a motorized
micromanipulator system (Newport Corp., California, USA).
Gigaohm patch seals (10 to 30 G1) were obtained by applying
negative pressure after the pipette tip gently contacted the
apical membrane of a principal cell. Unitary channel current
events from cell-attached patches were obtained at 22 to 23°C
using an Axopatch-IB patch clamp (Axon Instruments Inc.,
California, USA). Events were processed by a DAS 601 Digital
Data Adaptor (Dagan Corp., Minnesota, USA), recorded on a
digital video recorder (Sony Corp. of America, New Jersey,
USA) and digitized using digitizing hardware (Axon Instru-
ments Inc.) and an 80286 computer (200 tsec/point; low-pass
filtered at I kHz).
In all experiments, patch pipettes contained a physiologic
saline solution (in mM): 140 NaCI (final NaCl concentration
after titration to pH 7.4 with NaOH), 5 KCI, 1 CaCl2, 1 MgCI2,
and 10 HEPES. The apical bath solution for cell-attached
patches was the same as the patch pipette solution above.
Excised inside-out patches were obtained after cell-attached
patch formation by rapidly withdrawing the pipette and at-
tached membrane from the remaining apical surface. The "cy-
toplasmic" solution for most excised inside-out patches ap-
proximated intracellular composition (solution 1, Table 1) (in
mM): 140 KCI (final KCI concentration after titration to pH 7.4
with KOH), 5 NaCl, 0.001 CaCI2, 1 MgCl2, 2 ethyleneglycol-
bis-(/3-aminoethylether)-N,N,N"-tetraacetic acid (EGTA), and
10 HEPES. For the calcium containing cytoplasmic bath solu-
tions I to 5 (Table 1), CaCl2 is reported as the final free Ca21
activity. To achieve the desired free ionized Ca2 concentra-
tion, a computer program using known stability constants
calculated the total amount of Ca2 to be added to a solution
containing 2 mM EGTA [29].
The voltage convention for applied voltage to the membrane
patch (V0,,,,) represents the deflection from the patch potential
(that is, the resting membrane potential for cell-attached
patches, zero for inside-out patches) and is expressed as the cell
interior potential with respect to the patch pipette interior at
ground (that is, negative Vapp = hyperpolarization, positive
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+ 40
— C
-20
-40- Fig. 1. Single low conductance Kchannel events: Cell-attached patchC depicts outward K current (pA) asup ward deflections. Horizontal bars markthe zero current level (C = closed state).Both brief, flickery closures (A) and longerclosed states (B) are observed in the samerecording (see text). Voltage (mV)represents the applied patch pipette— C voltage (V2) displacement away from
resting membrane potential (cell interior
— C with respect to patch pipette interior).
Each 6 second trace was recorded at a
corner frequency (Fc) of I KHz, sampled
at 5 KHz (200 .csec/point) and software
filtered at 450 Hz. An expanded portion
(125 msec) of the —40 mV trace was not
software filtered to better show the
outward current transitions and high open
probability at this poi:ential.
Vapp = depolarization). Outward current (cell to pipette) is
represented as upward transitions in single channel records.
Analysis of data was performed on an IBM PC/AT utilizing
locally- and commercially-developed software. These programs
determine durations and amplitudes of periods in which the
membrane patch is in a zero current state (no channels open) or
in a current state which indicates channel openings. Interval
and amplitude histograms for closed and open channel events
are then constructed and fitted to exponential functions.
In several experiments multiple channel events were ob-
served in a single patch. Current amplitude histograms based on
analysis of single channel records provided the unitary current
level (i). When channels were too numerous to clearly distin-
guish the individual current levels by histogram, channel am-
plitude was measured from actual single channel records with
known full scale current. The total number of functional chan-
nels (N) in the patch were preliminarily estimated by observing
the number of current levels in raw data records or the number
of peaks detected on current amplitude histograms. The as-
sumptions made were that the channels are independent and
identical and that n channels were open when the current is
between (n — I/2)i and (n + l/2)i where i is the unit current. The
probability that any one channel is open (P0) was calculated
from the following expression [27, 301.
PO = ( Pfl)/N (Eq. I)
P, the probability that n channels are open, was calculated as
the amount of time in the open state divided by the total record
time for each unitary current level. Summation of P's for each
level were then divided by N (as defined above).
Experiments in the cell-attached or excised inside-out patch
configuration were conducted in a paired fashion with each
patch membrane acting as its own control. Data is reported as
mean values standard deviation.
Table 2. Low conductance K channel characteristics
Mean Mean
Mean Mean open closed
conductance open time time
p5 probabiIity ,nsec' msec
Cell-attached 9.3 1.1 0.85 0.16 514.6 107.3 12.7 8.5
Inside-out 8.4 1.2 0.89 0.08 226.5 58.3 9.8 3.3
Cell-attached 8.5 0.7 0.36 0.10 26.2 2.2 32.3 3.1
(luminal Ba2)
All values are taken with no applied pipette potential, Vapp = 0 mY.
Values from the 9 cell-attached, 5 inside-out and 6 luminal Ba2
patches containing only one channel
Mean closed time duration (histograms fit for one exponential
function, see text)
Results
The success rate for obtaining stable gigaohm patch seals was
31% (64/205 attempts) for primary cultures grown in the pres-
ence of 1.5 M aldosterone and 44% (32/72 attempts) for
cultures grown in the absence of aldosterone. Single channel
recordings from the apical surface of principal cells revealed
three potassium permeable channel types.
Low conductance potassium channels
In thirty-one cell-attached patches, at applied potentials
(Vapp) from —60 to +60 mV, we observed outward current
events (current from cell to pipette; Fig. I). Open channel
probability (P() at resting membrane potential (Vapp = 0 mV)
varied from 0.56 to 0.96 (mean P0 = 0.85 0.16; N = 9), mean
open time was 514.6 107.3 msec and mean closed time was
12.7 8.5 msec (Table 2). The channel shown in Figure 1 has
at least one open state and two different closed states, both
rapid flickery closures and longer closed events (the mean
duration of flickery closures = 8.8 1.3 msec and the duration
of long closures = 77.4 61.2 msec). The open probability did
r'' F -
—50
—60
—C
Low conductance K channel
— C
C
0.5 pA
0.5 sec
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(I-V) curve near Vapp 0 mV (that is, resting cell membrane
potential with no applied pipette potential; Fig. 3A).
Low conductance channels are potassium selective. Using
cytoplasmic solution 1 (Table 1) containing 5 mtt Na, 140 mM
K, and 147 mM Cl; and normal saline in the pipette the
calculated equilibrium potentials for potassium (EK), chloride
(E1) and sodium (ENa) were —84, 0 and +84 mV, respectively.
In fifteen excised inside-out patches the reversal potential
(Erev), derived from the I-V curve's intersection with the
voltage axis, was always negative indicating that this channel
was more permeable to K than Na (Fig. 3A).
To further characterize the channel's cationic selectivity, we
measured the reversal potentials after partially replacing cyto-
plasmic KCI with NaCI (Table 1, Fig. 3B) and then used a
modification of the Goldman-Hodgkin-Katz equation (given
below) to calculate the sodium to potassium permeability ratios
[311.
—
RT [K]0 + a[Na]0
Frey = F[K] + a[Na]1
[K]0 and [Na]0 are the concentration of these ions on the
— outside surface of the apical membrane (pipette solution); [K]1
and [Na]1 are the concentrations on the inner surface (cytoplas-
mic bath solution); and a is the ratio of Na to K permeability
(1Na"1K) With normal saline in the pipette; the reversal poten-
tial was —61.3 5.2 mV with 140mM K and 5mM Na on the
cytoplasmic surface (solution 1, Table 1); —52.1 4.8 mV with
95 mM K and 50 msi Na (soltuion 2, Table I); and —36,8
-r - —r- —' 2.6 mV with 50 mri K and 95 mti Na (solution 3, Table 1) (N
80 120 160 = 5). For each measured Erev, the ratio of potassium to sodium
permeability (1/a or PK'PNa) was calculated using Equation 2.
The mean for these three K'Na values (19.18, 19.10 and 17.87,
respectively) was 18.72 0.73. Altering the internal chloride
concentration by replacement of cytoplasmic bath KCI with Na
gluconate (solution 4, Table 1) did not significantly alter the
reversal potential (—63.1 4.4 mV); therefore, we assumed
that the chloride permeability of the channel was very small (N
= 4).
The single channel conductance for excised patches was 5 to
9 pS (mean y = 8.4 1.2 pS). The open probability and channel
amplitude were similar in cell-attached and excised-patches
(Table 2).
Low conductance K channels are not activated by cytoplas-
mic calcium. Calcium-activated potassium channels have been
described in rat and rabbit cortical collecting tubule apical
membranes [14—17, 21, 32]. In excised, inside-out patches, we
identified the low conductance K channels described above.
Then, using each patch as its own control, cytoplasmic Ca2
concentration was varied from i0 to 10 M with no resulting
increase in open channel probability (N = 5).
Low conductance K channels are blocked by luminal bar-
ium. The macroscopic potassium conductance of mammalian
CCT apical membranes is reduced by exposure to luminal
barium ions [2, 8, 19, 22, 33]. To test whether barium blocks the
low conductance K channel in our CCT cultures, pipette tips
were loaded with normal pipette solution and then the remain-
ing three-fourths of the pipette barrel were carefully backfilled
with 1 mtt BaCl2 solution (final concentration = 0.75 mM
BaCl2). Cell-attached patches were again obtained and control
baseline K channel activity immediately recorded at Vapp = 0
—20 0 20 40
mV
60
A Low conductance K channel
1.0
>.
.0
.0o 0.5
0.
aa0
0.0
—100 —80 —60 —40
B High conductance K channel
1.0
>
.0a
.0
2 0.5a
Caa0
0.0
—160 —120 —80 —40 0
mV
C Nonselective cation channel
0.2
>,
.0a
.00
aC 0.1aa0
(Eq. 2)
40
—160 —120 —80 —40 0 40 80 120 160
mV
Fig. 2. Open probability (P0) vs. V,,,,. A. Low conductance K
channel: high open probability's derived from the patch depicted in
Figure 1 show no voltage dependence. B. High conductance K
channel: open probability's derived from the patch in Figure 7 show low
open probability at resting membrane potential and marked increase
with depolarization. C. Nonselective cation channel: open probability's
derived from Figure 13 are low in the cell-attached configuration,
independent of voltage (note the different P0 axis scale).
not appear to be voltage-dependent even at large depolariza-
tions of Vapp> +80 mV (Fig. 2A). The single channel conduc-
tance for cell-attached patches (y) of 8 to 10 pS (mean y = 9.3
1.1 pS) was calculated as the slope of the current-voltage
A Low conductance K channel
a
1.4
1.0
0.6
0.2
—0.2
—0.6
—1.0
—140
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60
B Inside-out patches (N = 5)
a
1.4
1.0
0.6
0.2
—0.2
—0.6
—140
mV (Fig. 4). As BaCI, diffused to the apical patch membrane
surface over 5 to 10 minutes, frequent brief transitions to the
closed state appeared. Open probability decreased to approxi-
mately 50% of control values, confirming channel inhibition by
luminal barium (N = 8) (Table 2). Kinetic analysis of this
luminal barium block was performed in the six cell-attached
patches containing a single low conductance K channel (Table
2). Open and closed duration histograms after luminal barium
exposure revealed both a dramatic decrease in the mean open
time (26.2 2.2 msec) and a smaller increase in mean closed
time (32.3 3.1 msec). For comparison, mean open and closed
times in Table 2 are derived from interval histograms fit for one
exponential function. Single channel conductance was unaf-
fected by luminal barium (mean y = 8.5 0.7 pS). In five of
these experiments, hyperpolarization appeared to potentiate
Fig. 3. Low-conductance K channel current-
roltage (I-V) relationship. A. Cell-attached
(circles, solid line; N = 3l. Cell conductance =
8—10 pS) and excised inside-out patches in 140
mM cytoplasmic bath KCI (solution I: squares,
dashed line; N = 6. Cell conductance = 5—9 pS)
show the reversal potential (Erev) to be much
closer to EK than ENa (Results), indicating that
this channel is highly selective for K over Nat
Unitary conductance was ca]Iculated as the slope
of the regression line near resting membrane
potential (Vapp = 0 my). B. Excised inside-out
dilution experiments: I-V curves with
cytoplasmic bath 140 mi KCI + 5 NaCI (solution
I: circles, solid line). 95 ms'i KC! + 50 NaCI
(solution 2: squares, dashed line) and 50 mr.t KCI
+ 95 NaCI (solution 3: triangles, dotted line)
show reversal potentials (Erev) of —61.3 5.2,
60 —52.1 4.8. and —36.8 2.6 mV, respectively.
Calculated K'N. ratio = 19:1 (Results).
the barium-induced decrease in open probability. Channel
amplitude decreases as Ercv is approached, therefore making it
difficult to identify open transitions and barium effects at app <
—40 mV. Inward current (pipette to cell) was not observed in
the presence of luminal barium. Low conductance K channel
activity was not altered by the presence of either 1 M (N 4)
or lO LM (N = 3) amiloride in the pipette solution.
Low conductance K channels are stimulated by aldoste-
rone. Macroscopic potassium secretion in rabbit CCT is also
known to be mineralocorticoid-dependent [2—4]. In our experi-
ments, these barium-inhibitable K channels were observed in
48% of the patches formed on cells pre-treated with aldoste-
rone; but in cells grown without aldosterone, the low conduc-
tance K channel was present in only 12.5% of patches (Table
3). The probability of observing the low conductance K
—100 —60 —20 20
mV
—100 —60 —20 20
Current voltage relationship. mV
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Control
F ''•
Barium (1 minI$4MAC
Barium (5 mm)
Low conductance K channel
1 sec
Fig. 4. Luminal barium inhibits the low-
— c conductance K channel. Cell-attached patch at
Vapp = +40 mY. Pipette tip was filled with
normal pipette solution (Methods) and backfilled
with the same solution containing I mM BaCl2
(final concentration = 0,75 mM). Control trace
represents recording immediately after gigaohm
seal formation. Progressive channel block as the
barium diffused to the apical patch membrane
was seen as a reduction in open probability.
+120
'TV •9 r I-
—C
+ 80 ØAfl
— C
— C
High conductance K channel 2.5 pA
0.5 sec
channel in 4/32 patches only by chance if the population really
contains channels in 3 1/64 patches is <0.00001, confirming that
this channel is trudy mineralocorticoid-dependent. Unitary
conductance did not differ with changes in mineralocorticoid
status. Insufficient data was obtained in the four nonaldosterone
patch examples to systematically assess possible mineralocor-
ticoid effects on the kinetics of low conductance K channels.
Mineralocorticoids stimulate not only distal nephron K
secretion, but also Na reabsorption via the apical amiloride-
sensitive, highly selective Na channel [34]. Frindt and Palmer
[24] had difficulty distinguishing single low conductance K
channels in isolated CCI from aldosterone-stimulated rats (low
Na diet), unless pipettes contained 10 /LM amiloride to block
concurrent Na channel activity. In our aldosterone-stimulated
rabbit CCT primary cultures, low conductance K channels
could also be observed without the confusion of Na conduc-
tances by adding 10 M amiloride to the pipette solution [35,
36].
High conductance potassium channels
Besides the low conductance potassium channel described
above, in eleven cell-attached patches, we also observed an-
other type of unitary outward current event when the patches
where strongly depolarized (Vapp > +80 mY) (Fig. 5). Figure
2B graphically depicts the extremely low open probability with
no applied potential (mean P0 =0.00044 0.00034, N = 7) and
the dramatic increase in open probability with depolarization
that is typical of this channel. Ihis K channel was observed
much less frequently than the low conductance K channel in
Fig. 5. Single high-conductance K channel
events. Cell-attached patch documents the low
open probability at resting membrane
potential (Vapp = 0 mV) and the increase in
— open probability as the cell is depolarized.C Sixteen second traces were recorded at Fc =
I KHz, sampled at 5 KHz (200 sec/point)
—C and then software filtered at I KHz.
Expanded (45 msec) portion of +40 mY trace
was not software filtered to better show rapid
outward current transitions.
aldosterone-stimulated rabbit CCT primary cultures (17% vs.
48%; lable 3). However, the frequency of this voltage-depen-
dent K channel did not vary when aldosterone was absent
from the growth medium (17% vs. 19%). Exposure to luminal
BaCI2 (0.75 mM; N = 4) or amiloride (1 ILM; N = 3) in backfilled
cell-attached pipettes (prepared as described above) did not
reduce the open probability of the channel at depolarized
potentials. Interestingly, in the cell-attached mode, single chan-
nel current amplitude did not increase for app > +100 mV
(Figs. 5, 6A), similar to the response of Ca2-, voltage-depen-
dent K channels in isolated rat CCT [21]. Unitary conductance
could not be measured at resting membrane potential in cell-
attached patches since the channel was usually in the closed
state at Vapp 0 mV.
In four excised, inside-out patches, we observed outward
current at Vapp —50 mV and all more positive potentials (Fig.
6A). In rare cases, inward current in inside-out patches was
seen at extreme hyperpolarization, Vapp < —120 mV, but
channel amplitude measurements were not made since events
were very brief and patches were unstable with very noisey
baselines at these potentials. Single channel conductance with
140 mtvt cytoplasmic KCI equaled 150 26 PS at Vapp 0 mV.
Reversal potentials from excised patch dilution experiments
using cytoplasmic solutions I to 3 yielded three calculated
KNa ratios (10.11, 9.70 and 11.06, respectively) with a mean
value of 10.29 0.70 (N 4; Equation 2; Fig. 6B). While the
exact potential of cell-attached patches was not known in our
experiments, the current in excised patches seems much larger
>
E
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Current voltage relationship, m V
Fig. 6. High conductance K channel I-V curve. A. Inside-out patches
(solution 1; squares, dashed line; N = 4) displayed a unit conductance
of 150 pS at no applied pipette potential. An 1-V curve for cell-attached
recordings (circles, solid line) was problematic since channel activity
predominantly appeared at very depolarized cell potentials. In cell-
attached patches current amplitude reached a maximum and then
plateaued with progressive depolarization (Vapp > + 100 mV). B.
Excised patch dilution experiments. I-V curves for 140 inst cytoplasmic
bath KCI + 5 NaCI (solution I; circles, solid line), 95 msi KCI + 50
NaCI (solution 2; squares, dashed line) and 50 msi KCI + 95 NaCI
(solution 3; triangles, dotted line) show Ev'5 of —50.6 4.4, —41.3
2.1, and —30.2 3.2 mV, respectively. Calculated K'NU = 10:1
(Results).
than would be expected based on the cell-attached observa-
tions. The apparent implication is that there is some reduction
in channel conductance due to an intracellular factor present in
rabbit CCT principal cells which is eliminated when patches are
excised. Voltage-dependent block by intracellular sodium has
been proposed for similar channels in rat CCT [21]. Our excised
patch dilution experiments demonstrated an attenuation of
single channel conductance and amplitude as the chemical
gradient for outward Na movement was increased (Fig. 6B).
This saturation of the conductance was similar to that seen in
the cell-attached configuration (Fig. 6A).
High conductance potassium channels are activated by in-
tracellular calcium. Unlike the low conductance K channel,
the high conductance K4 channel was activated by cytoplasmic
calcium in excised patches (N = 4). Patches were excised into
a bath containing iO M free Ca2 and little channel activity
was observed at Vapp = +100 mV (Fig. 7A). Increasing
intracellular free Ca2 from io to 10—6 M in the same
inside-out patch membrane increased open probability mark-
edly. Regardless of bath calcium level, channel activity was
additionally stimulated by depolarization. Figure 7B illustrates
the shift in the voltage-dependence of open probability (mean
P0's, N = 4) as cytoplasmic Ca2 is varied.
Nonselective cation channels
Finally, in seventeen cell-attached patches, we observed a
third type of channel characterized by a linear I-V curve and a
unit conductance of 30.0 1.1 pS (Figs. 8, 9A). In the
cell-attached configuration, this channel was rarely open at the
resting membrane potential (mean P0 = 0.0020 0.0015; N =
10; Fig. 2C). As depicted in Figure 2C, the open probability was
insensitive to either apical membrane depolarization or hyper-
polarization at V1, between —120 and +120 mV (N = 10).
With five inside-out patch pipettes containing 140 mrvi NaCI
and the cytoplasmic bath containing 140 mst KCI, the reversal
potential was very near zero confirming that the channel either
did not discriminate between Na and K, or it was selective
for chloride ions (Fig. 9A). However, this channel appeared to
be cation selective since when intracellular KCI was replaced
with 124 m Na gluconate (solution 4, Table I) there was little
change in reversal potential (—0.56 5.8 mV) (Fig. 9B).
Exchanging intracellular cations and anions for the nondiffus-
ible osmole, mannitol (solution 5. Table I), shifted the Erev
(+41.8 5.7 mV) toward ENa(+58 mY) (Fig. 9B). The last two
replacement maneuvers indicate that Na'Cl for this channel is
about 10:1. Reversal potentials of +3.0 5.7 mY (solution I,
Table I); +1.9 7.6 mY (solution 2, Table I); and +0.6 3.5
mV (solution 3, Table I) yielded three K'Na ratios (0.88, 0.88
and 0.92, respectively) with a mean of 0.89 0.02 (Equation 2,
Fig. 9B).
The incidence of this channel did not appear to be mineralo-
corticoid-dependent (Table 3). Lurninal application of either
BaCI7 (0.75 mM) (N = 4) or amiloride (I .LM) (N = 4) in
back-filled cell-attached pipettes (prepared as described earlier)
had no consistent effect on open channel probability. Lastly, in
four excised inside-out experiments increasing cytoplasmic free
Ca2 from l0 to 106 M did not slimulate this channel.
Discussion
Using patch clamp techniques we have demonstrated that
primary cultures of rabbit cortical collecting tubule cells pro-
vide an appropriate preparation in which to study the ion
channels likely responsible for potassium secretion in native
mammalian distal nephron (Table 4). These results complement
our recent examination of amiloride-inhibitable, highly selec-
tive sodium channels in the same preparation [35, 37]. Impor-
tantly, both K4 and Na channels retain the same properties as
channels observed in freshly dissected mammalian CCT [38].
The appearance of both aldosterone-stimulated K channels
and highly selective Na channels is strongly dependent on the
primary culture growth conditions (that is, permeable transport-
ing supports and appropriate media).
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Fig. 7. Calcium activates the high
conductance K channel. A. Representative
inside-out patch at Vapp = +100 mY. Raising
cytoplasmic bath free [Ca2I from iO- Mto
l0_6 M in the same patch markedly increases
open probability. B. Plot displays the voltage
dependence of channel open probability (mean
P0's from 4 inside-out patches). This voltage
activation was preserved at each level of
cytoplasmic Ca2. Symbols are: (0) l0_6 M;() l0 M; (LI) 108 M; (V) l0- M.
Low conductance potassium channels
Of the three potassium permeable channels, the 8 to 10 pS
channel was most frequently observed in aldosterone-stimu-
lated rabbit CCT primary cultures. The open probability of the
channel was high (>0.80) even with no applied potential, but
could be reduced by luminal application of 0.75 m barium.
Channel blockade by luminal barium appeared to be made more
efficient by apical membrane hyperpolarization. The open prob-
ability of the channel was also unaltered by changes in patch
potential or cytoplasmic Ca2 concentration (for Vapp between
—40 and +80 mV). These properties are all consistent with the
whole tissue potassium conductance which is responsible for
physiologic potassium secretion in native rabbit CCT [2, 7, 22,
33]. Previous patch clamp studies have also described low
conductance apical K channels in rabbit CCT, including a 4 pS
channel in freshly dissected tubules [13] and a 10 pS channel in
primary cultures [14]. Whether these latter two channels par-
ticipate in physiological K secretion is unknown since the
influence of mineralocorticoids and luminal barium on channel
kinetics was not reported.
The physiological importance of this channel is reinforced by
the observation that this low conductance K channel was
much more likely to be found in patches formed on aldosterone-
stimulated cells than in patches formed on cells which had been
grown in the absence of mineralocorticoid hormone. This
observation correlates well with several whole tissue studies
demonstrating the importance of mineralocorticoid status in
determining potassium secretion in rabbit CCT cells. Cortical
collecting tubules from rabbits given deoxycorticosterone
(DOCA) for more than four days have twice the apical K
conductance of CCT from untreated rabbits. The resultant
increase in K secretion occurs despite little or no change in
transepithelial electromotive driving force [2, 23].
Frindt and Palmer [24] have described an apical, 9 pS K4
channel in isolated rat CCT similar to the channel we have
observed; having a high open probability (>0.90) which is
independent of voltage or cytoplasmic Ca2 at Vapp < +40 mY.
This rat CCT K channel is also inhibited by luminal Ba2 in a
voltage-dependent manner. These investigators reported lumi-
nal barium-induced changes in channel kinetics (mean open
time = 13 2 msec; mean closed time = 22 2 msec) very
similar to those observed in our rabbit CCT low conductance
K channel (Table 2).
However, in contrast to our findings in rabbit CCT, manipu-
lation of the mineralocorticoid status, by varying dietary so-
dium, did not influence the observed frequency of the rat CCT
low conductance K channel [24]. This finding is consistent
with the whole tissue observation that in rat, unlike rabbit,
DOCA treatment increases potassium secretion primarily by
depolarizing the CCT apical membrane via an increase in apical
Na conductance [23]. This increased driving force is sufficient
to explain increased K effiux without invoking direct changes
in the apical K conductance. These differences in hormonal
regulation of potassium secretion may signify fundamentally
different ion transport properties between rabbit and rat CCT
principal cells. Further complicating the issue, Wang, Schwab
and Giebisch [39] have demonstrated an increased incidence of
this low conductance K channel in CCT of rats fed high
potassium chow. Although this result could be due to K-
stimulated aldosterone secretion, differences in experimental
conditions (that is, 37°C vs. room temperature) and high plasma
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Fig. 8. Single nonselective cation channel
recording. Cell-attached patch recording
shows 1.2 second traces recorded at Fc =
KHz, sampled at 5 K1-lz and depicted without
further filtering.
potassium might also be responsible. High K diets and in-
creased plasma potassium levels alone can raise apical CCT K
conductance in rabbits and potassium excretion in rats indepen-
dent of mineralocorticoid status [5, 40—43].
While we have assumed that the observed aldosterone-
induced activation of low conductance K* channels occurs via
classical mineralocorticoid (Type I) kidney receptors, the high
concentration of aldosterone (1.5 cM) applied to our rabbit CCT
primary cultures might also be working through non-specific
binding to other corticosteroid receptors. Human, rat and rabbit
studies have shown that glucocorticoids can produce significant
'mineralocorticoid-like" effects by activating renal glucocorti-
coid (Type II) receptors [44]. In immunodissected rabbit CCT
cultures, RU28362 (a pure glucocorticoid agonist), dexametha-
sone or aldosterone can all equally promote sodium reabsorp-
tion and potassium secretion [45]. However, our primary culture
"RK-l" growth medium contained 0.05 LM hydrocortisone
(Methods) which should activate Type II receptors, yet the
appearance of low conductance K channels was still uncom-
mon in the absence of aldosterone. Therefore, while we cannot
exclude a contribution by Type II receptor activation, we
believe that the observed increase in channel frequency with
aldosterone exposure still suggests an important additional
effect via Type I mineralocorticoid receptors.
Voltage- and Ca2 tactivated potassium channels
There is a second potassium channel in rabbit CCT primary
cultures with a higher unit conductance, but a much lower open
probability when no potential is applied to the patch. This
channel was activated by depolarization or by increased cyto-
plasmic Ca2 concentrations similar to the response of large
conductance, maxi-K or BK" channels in other renal epithelia
[46]. Other investigators have observed Ca2- and voltage-
activated channels in rabbit CCT preparations [15—18].
In isolated rat CCT, a Ca2t and voltage-activated K
channel with a 135 pS unitary conductance is present [21]. In
cell-attached patches, the channel is almost always in the closed
state at resting membrane potential, with the open probability
increasing upon depolarization. Stimulation of aldosterone by
either a low Na or high K diet does not change the frequency
of this rat "maxi-K" channel. Therefore, under normal physi-
ological conditions, it probably does not contribute significantly
to apical K conductance. This rat CCT K channel was
blocked by Ba2 (I to 100 LM) applied to the cytoplasmic
surface of inside-out patches. Like our rabbit CCT high con-
ductance K channel which was not inhibited by 0.75 mM
luminal Ba2; Frindt and Palmer [21] also found their rat CCT
maxi-K" channel to be relatively insensitive to luminal bar-
ium. In outside-out patches they noted mild inhibition in one
experiment with 3 ms'i Ba2 and no block when I to 100 tM
Ba2 was applied to the "luminal" surface. In other tight
epithelial tissues (that is, rabbit descending colon), hasolateral
Ba2 inhibits apical K conductance while luminal Ba2* has no
effect [47]. In the same rabbit CCT primary culture preparation
used in the present study, Giebisch and associates have de-
scribed 10 and 40 pS K permeable channels that are also
uninhibited by Ba2 [14]. Several investigators have postulated
that either the luminal barium blocking site is of low-affinity, or
external Ba2 is entering the cell perhaps through Ca2 chan-
nels and interacting with the high-affinity blocking site on the
cytoplasmic side of the channel [21, 47, 48]. Finally, the rat
CCT Ca2-activated K channel resembles the channel we
describe in that it also reaches a plateau in maximal current
amplitude as the cell-attached patch is progressively depolar-
ized [211. We observed a similar decrease in single channel
conductance in excised patches when intracellular Na activity
was increased. This effect has been attributed to a voltage-
dependent channel block from the cytoplasmic surface by
intracellular Na [21, 49].
Establishing a physiologic role for high conductance K*
channels in cortical collecting ducts has been problematic [46].
The strong depolarization and high cytoplasmic Ca2 required
for activation of these channels do not typically exist under
normal physiologic conditions in renal epithelial tissue. It has
been proposed, therefore, that the high conductance K chan-
nel can be recruited as an "emergency" response to the
-70 —c
—120
Nonselective cation channel 3 pA
0.1 sec
450 Ling et a!: Cortical collecting tubule K channels
A Nonselective cation channel
B Inside-out patches (N = 5)
4.0
2.0
0.0
—2.0
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Fig. 9. Nonselective cation channel I-V relationship. A. Cell-attached
(circles, solid line; N = 17) and inside-out configurations with 140 niM
bath KCI (solution 1; squares, dashed line; N = 5) reveal a channel that
is nonselective for K and Na cations (Erv 0 mV). Unit conduc-
tance was 30 Ps. B. Excised patch dilution experiments. I-V curve with
cytoplasmic bath containing 140 mrt KCI + 5 NaCl is depicted (solution
1; circles, solid line). Replacement of bath KCI with 124 m Na
gluconate + 10 NaCl (solution 4; triangles, dashed line) did not
significantly alter However, exchange for 240 m mannitol + 14
NaCI (solution 5; squares, dotted line) shifted to +41.8 5.7 mY.
Calculated PNa'CI = 10: I.
depolarization and calcium influx associated with cellular dam-
age (that is, ischemia) or cellular swelling (that is, hypoosmo-
larity) [46, 50]. In rabbit thick ascending limb cells, it appears
that if the "maxi-K" channels are phosphorylated, calcium
activation occurs at much lower intracellular calcium concen-
trations, low enough that the channels may be activated by
normal intracellular calcium concentrations [51]. We have not
examined the effect of phosphorylation on the channels we have
described, but even if the calcium activation curve were shifted
to lower calcium concentrations by two orders of magnitude,
the apical voltage would still probably not be high enough to
increase the open probability of the channels significantly.
Nonselective cation channels
The remaining potassium permeable channel we found in
rabbit CCT principal cells was a 30 pS channel which is
Table 3. Effect of aldosterone on K permeable channels in RCCT
primary cultures
Low
conductance
K channel
High
conductance
K channel
Nonselective
cation
channel
Aldosterone (l.5 /.tM) 48% (31/64) 17% (11/64) 27% (17/64)
No Aldosteronea 12% (4/32)b 19% (6/32) 25% (8/32)
Numerator = patches with identifiable channel activity; denominator
= successful patch attempts.
a Patch success rate = Aldosterone—31% (64/205)
No Aldosterone—44% (32/72)
b Significant at P < 0.00001
nonselective for K over Na ions, is not activated by either
depolarization or increases in cytoplasmic Ca2 concentration,
and is not inhibited by external barium or amiloride. Nonselec-
tive cation channels in other epithelial tissues are generally
activated by depolarization or increasing intracellular Ca2, or
are sensitive to luminal barium or amiloride [46j, A few,
however, are similar to the one we have observed. Seventeen to
32 pS and 40 pS non-selective cation channels in rabbit CCT
primary cultures, and a 23 pS nonselective cation channel in
isolated rat CCT have been described [14, 15, 52]. Another well
characterized, nonselective channel found in both isolated rat
inner medullary collecting ducts (IMCD) and IMCD primary
cultures has a unit conductance of 27.5 pS, a low open proba-
bility in cell-attached patches and does not discriminate be-
tween Nat, K and NH4 [30]. It is also not calcium or voltage
dependent and does not respond to potassium channel blockers
such as barium. However, unlike the channel we describe, the
open probability of this IMCD channel is reduced by submicro-
molar concentrations of amiloride. Unlike nonselective chan-
nels with similar unit conductances in opossum kidney cell
cultures and rat proximal tubule basolateral membranes, our
nonselective channel was not permeable to chloride ions in
anion replacement experiments [53, 54].
In renal epithelia, one postulated physiologic role for these
nonselective channels includes Na reabsorption. However,
given our channel's low incidence and very low open probabil-
ity at resting membrane potential, the contribution to total
transcellular Na reabsorption would be negligible compared to
that of Na cotransporters, Na/H exchanger, or the amilo-
ride-blockable, highly-selective Na channel. Alternatively,
these nonselective channels could contribute to cell volume
regulation, potassium secretion/reabsorption, or transport of
medullary interstitial ammonium [46].
In conclusion, the principal cell apical membranes of aldos-
terone-stimulated rabbit CCT in primary culture contain:
(a) barium-inhibitable, low conductance K channels;
(b) voltage-dependent, Ca24-activated, high conductance
K channels; and
(c) voltage- and Ca2-insensitive nonselective cation chan-
nels.
The low and high conductance potassium channels described
here closely resemble those characterized in freshly dissected
mammalian cortical collecting tubules [16, 17, 21, 24]. The
single low conductance K channel in this rabbit CCT prepa-
ration, in contrast to rat CCT, also appears to be directly
mV
—60 —20 20 60
Current voltage relationship, mV
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Table 4. Characteristics of apical potassium permeable channels in RCCT primary cultures
Conductance
pS
Selectivity
PK:PNa
Voltage
activated
Calcium
activated
(cytoplasmic)
Barium
blockable
(luminal)
Amiloride
blockable
(luminal)
Open probability
at Vapp = 0 mV
(cell-attached)
8_lOa
150b
30
19:1
10:1
0.9:1.0
No
Yes
No
No
Yes
No
Yes
No
No
No
No
No
> 0.80
< 0.0005
<0.005
Cell attached patches
b Inside-out patches
influenced by the mineralocorticoid status. Therefore, rabbit
CCT primary cultures provide a system for studying unitary ion
channels likely to be responsible for potassium secretion and
volume regulatory decrease in native rabbit cortical collecting
ducts.
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